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Abstract
Recent studies have demonstrated the importance of the nutrient status of biochar and soils prior to its
inclusion in particular agricultural systems. Pre-treatment of nutrient-reactive biochar, where nutrients are
loaded into pores and onto surfaces, gives improved yield outcomes compared to untreated biochar. In this
study we have used a wide selection of spectroscopic and microscopic techniques to investigate the
mechanisms of nutrient retention in a high temperature wood biochar, which had negative effects on
Chenopodium quinoa above ground biomass yield when applied to the system without prior nutrient loading,
but positive effects when applied after composting. We have compared non-composted biochar (BC) with
composted biochar (BCC) to elucidate the differences which may have led to these results. The results of our
investigation provide evidence for a complex series of reactions during composting, where dissolved nutrients
are first taken up into biochar pores along a concentration gradient and through capillary action, followed by
surface sorption and retention processes which block biochar pores and result in deposition of a nutrient-rich
organomineral (plaque) layer. The lack of such pretreatment in the BC samples would render it reactive
towards nutrients in a soil-fertilizer system, making it a competitor for, rather than provider of, nutrients for
plant growth.
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Highlights: 37 
• Composting substantially increases the concentration of nutrients in biochar 38 
• Dissolved nutrients are taken into biochar pores during initial composting phase 39 
• Later composing phases result in pore blocking, deposition of additional 40 
nutrients 41 
• The process limits negative biochar-nutrient interactions in the cropping system 42 
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Abstract 50 
Recent studies have demonstrated the importance of the nutrient status of biochar and 51 
soils prior to its inclusion in particular agricultural systems. Pre-treatment of nutrient-52 
reactive biochar, where nutrients are loaded into pores and onto surfaces, gives 53 
improved yield outcomes compared to untreated biochar. In this study we have used a 54 
wide selection of spectroscopic and microscopic techniques to investigate the 55 
mechanisms of nutrient retention in a high temperature wood biochar, which had 56 
negative effects on Chenopodium quinoa above ground biomass yield when applied to 57 
the system without prior nutrient loading, but positive effects when applied after 58 
composting. We have compared non-composted biochar (BC) with composted biochar 59 
(BCC) to elucidate the differences which may have led to these results. The results of 60 
our investigation provide evidence for a complex series of reactions during composting, 61 
where dissolved nutrients are first taken up into biochar pores along a concentration 62 
gradient and through capillary action, followed by surface sorption and retention 63 
processes which block biochar pores and result in deposition of a nutrient-rich 64 
organomineral (plaque) layer. The lack of such pretreatment in the BC samples would 65 
render it reactive towards nutrients in a soil-fertiliser system, making it a competitor 66 
for, rather than provider of, nutrients for plant growth.  67 
1 Introduction 68 
Many studies have been undertaken to examine how the application of biochar can 69 
affect crop yields (i.e. Liu et al., 2013). Recent studies have shown that pyrolysing 70 
biomass with minerals, and/or post-treating the biochar through either oxidation (e.g. 71 
aerobic composting) and/or through the addition of minerals can significantly increase 72 
crop yields (Nielsen et al., 2014; Ogawa and Okimori, 2010; Ye et al., 2016). Khan et 73 
al., (2016) found that composting could increase CEC and showed a strong affinity 74 
for C, N and S although they also found that under some treatments the biochars could 75 
lose B, Mg and S. However, there is currently only a very limited understanding of 76 
the underlying processes on a molecular level. In particular, the mechanisms of nitrate 77 
and phosphate release from co-composted biochar are generally unknown. In this 78 
study, we follow up on the study of Kammann et al., (2015) and perform further 79 
spectro(micro)scopic analysis of the co-composted biochar used in their study.  80 
 81 
Kammann et al., (2015) observed that high temperature biochar, prepared from scrap 82 
wood (of which some was partially covered with soil, rich in oxides of Al, Si, Fe and 83 
containing some Mn), applied at a high rate of 2 % (w/w) with low mineral 84 
fertilization (28 kg N ha-1 from Wuxal Super NPK liquid fertilizer) in a glasshouse 85 
experiment significantly reduced above ground biomass yield of Chenopodium 86 
quinoa compared with an equally fertilized control with no biochar. They also 87 
observed reduced nitrate leaching in biochar-soil leaching experiments. Interestingly, 88 
the above ground biomass yield reductions also occurred with high dosage application 89 
of the same commercial fertilizer, however, the strongest reduction occurred in the 90 
treatment with the lowest nutrient supply. This lead to the hypothesis that reduced 91 
nutrient availability was responsible for the growth reduction. The biochar in question 92 
also had been used as a compost additive in a windrow-composting with daily 93 
turnover (mechanical aeration) during the thermophilic phase (Schmidt et al., 2014). 94 
After the compost was mature, biochar pieces were separated from it and used in the 95 
quinoa growth study (Kammann et al., 2015). The purpose of the study was to 96 
examine whether the changes that the biochar underwent during composting would 97 
make a difference to the observed impact on plant above ground biomass yield. Upon 98 
adding the separated composted biochar in conjunction with low or high application 99 
of N, above ground biomass yields were increased by 305% and 160%, respectively, 100 
compared to the no biochar control (Kammann et al., 2015). Electro-ultra filtration 101 
and sequential biochar-particle washing revealed that pre-composted biochar was 102 
nutrient-enriched, particularly with the anions nitrate and phosphate. The study also 103 
found that the composted biochar retained 2 to 5.3 g NO3 kg-1 (after sequential 104 
washing) compared with nearly no nitrate in the fresh biochar; also, the extractable P 105 
content of the biochar was doubled by co-composting. Interestingly, standard 106 
extraction protocols, i.e. 1 h shaking with de-ionized water or 2 M KCl solution, 107 
underestimated the biochar nitrate content. Similar but smaller differences were found 108 
for Norg (total organic N) and NH4+. Prost et al., (2013) co-composted biochar in 109 
litterbags that were harvested and investigated at different times throughout the 110 
composting process. They were the first to document that the biochars used (charcoal 111 
and gasifier biochar) were loaded with nutrients assumed to be from the composting; 112 
noting that the maturing phase, in particular, was important in this regard. In this 113 
earlier study, however, no plant growth experiment was carried out. Moreover, 114 
standard (soil) methods of nutrient extraction may have underestimated the total 115 
amount of nitrate taken up by the biochar (Kammann et al., 2015). Recently, Haider et 116 
al., (2016) demonstrated that sequential extractions are necessary to remove all of the 117 
nitrate from biochar particles, and thus current methodologies likely underestimate 118 
biochar nitrate capture potential. This entrapment of nitrate may shed new light on 119 
results that mostly attribute missing (nitrate-)N to microbial immobilization (e.g. 120 
Güereña et al., 2015). 121 
 122 
Based on these findings, here we characterized the external and internal biochar 123 
surfaces from the Kammann et al., (2015) study. Our goals were to elucidate the 124 
mechanisms that explain: (i) the ability of the non-composted biochar to capture and 125 
hold N and P compounds and/or ions, (ii) the increased capacity for capture and 126 
slower release of N and P from the composted biochar, and (iii) the increase in DOC 127 
in the biochar. Emphasis has been placed on examining the changes in the mineral 128 
and organic phases on the external and internal surfaces of the composted biochar to 129 
determine the mechanisms that may be responsible for nutrient capture and release, 130 
causing the contrasting impacts on plant yield of the untreated versus composted 131 
biochar. 132 
 133 
In this study we use the term “organomineral layer” to describe the amorphous 134 
associations of C, O and mineral elements identified on the surfaces of the composted 135 
biochar. Similar terms have been used in previous studies (e.g. Archanjo et al., 2017), 136 
whilst other studies have referred to these layers as “plaques” (e.g. Zheng et al., 137 
2012).  138 
 139 
2 Materials and Methods 140 
2.1 Biochar and Compost Production 141 
Biochar was produced from woody chips (80% coniferous, 20% deciduous wood) by 142 
Carbon Terra (formerly German Charcoal GmbH, Wallerstein, Germany) in vertical 143 
retorts. These chips were derived from tree waste and as such likely contained 144 
entrained soil. This would explain the detectable concentrations of Al, Si, Mn, Fe, and 145 
O observed in the biochar (Supplementary Table 1 and 2).  146 
 147 
The biochar was produced over 36 h at an average pyrolysis highest treatment 148 
temperature of approximately 700°C. The highest treatment temperatures of 149 
approximately 850 °C were reached for a short final period just before the biochar 150 
was quenched with water. This biochar had a carbon content of 75.8%, H/Corg ratio of 151 
0.21 and, considering the wood feedstock, a high ash content (16.3% dry basis). The 152 
pH was 9.5 and the BET N2 surface area was 144 m2 g-1. More specific details are 153 
given in Kammann et al., (2015). 154 
 155 
Methods used for composting and separating the composted biochar pieces and the 156 
methods of chemical analysis of the samples are given in Schmidt et al., (2014). The 157 
compost feedstock consisted of animal manures, straw, stone meal, soil, BC and 158 
mature compost, and the composting process was carried out with daily turnover 159 
during the thermophilic phase. The properties of the composted biochar were detailed 160 
in Kammann et al., (2015).  161 
 162 
2.2 Microscopic and spectroscopic characterization of BC and BCC surface 163 
properties 164 
Characterization of BC and BCC surfaces to identify P and N binding mechanisms 165 
was carried out using a number of spectroscopic and microscopic techniques. Twenty 166 
particles were chosen at random from all of the recovered BCC and fresh BC used in 167 
the experiment. Samples for organic functional group determination were prepared by 168 
crushing a subset of the samples and sieving those crushed particles (0.1 mm). X-ray 169 
photo-electron spectroscopy (XPS) was carried out on the surface of a whole BCC 170 
particle and on a crushed particle to determine if there was a difference in 171 
concentration of N and P on the surface of the biochar particles and in the interior. 172 
The equipment and procedures used for XPS and Fourier-transform infrared 173 
spectroscopy (FTIR) have previously been detailed in Joseph et al., (2010, 2013). 174 
Raman spectroscopy was carried out using the procedure and equipment detailed in 175 
Bian et al., (2014) and Chia et al., (2012a).  176 
 177 
To determine the dimensions of the graphitic nanocrystallites at biochar surfaces by 178 
Raman spectroscopy, the technique described in Jorio et al., (2010) was used. 179 
Deconvolution of the graphite and the defect (D-G) bands in the Raman spectra was 180 
performed using a Gaussian-Lorenzian function with the crystallite size (La) 181 
determined from the G peak full-width at half maximum (TG) using the formula:  182 
 183 
La (nm) = 560/[TG – 11]  (1) 184 
 185 
Modified Boehm titrations were performed to determine the distribution and content 186 
of biochar surface acid groups following the procedure in Tsechansky and Graber, 187 
(2014), whereby dried and weighed biochar subsamples were sequentially pre-treated 188 
with NaOH and HCl to remove soluble organic acids and minerals that can interfere 189 
with the titrations. Total acid group concentration (‘total acidity’) is given by the 190 
result for the NaOH reaction base, carboxylic acid group concentration by the result 191 
for the NaHCO3 reaction base, lactonic acid group concentration by the difference 192 
between the results for Na2CO3 and NaHCO3 reaction bases, and phenolic acid group 193 
concentration by the difference between results for NaOH and Na2CO3 reaction bases. 194 
The modified method represents maximal acidic functionality, because the 195 
preliminary acid treatment guarantees that all acidic sites are protonated. It also 196 
removes all surface adsorbed organic acids as well as acidic minerals, and thereby 197 
assumes to provide an assessment of the non-labile solid biochar surface (Tsechansky 198 
and Graber, 2014). Mean and standard deviation of two replicates are reported. Means 199 
were compared by one-way ANOVA using RealStatistics for Excel (http://www.real-200 
statistics.com/).  201 
 202 
To investigate surface and near-surface pore characteristics (which may explain the 203 
greater retention of nitrates and phosphates in the composted biochar compared to its 204 
initial zero N and low P content before composting), characteristics of the flow of 205 
water into and out of the pores of the biochar was studied using fast field cycling 206 
nuclear magnetic resonance (FFC NMR) relaxometry (Conte and Alonzo, 2013). One 207 
gram each of BC and BCC was suspended in 3 ml of MilliQ-grade water (resistivity 208 
18.2 Ω, Merck-Millipore Simplicity 185, Milan, Italy) and subjected to FFC NMR 209 
relaxometry investigation.1H NMR dispersion (NMRD) profiles (i.e., relaxation rates 210 
R1 (or 1/T1) vs proton Larmor frequencies, ωL) were acquired on a Stelar Smartracer 211 
Fast-Field-Cycling Relaxometer (Stelar s.r.l., Mede, PV–Italy) at a constant 212 
temperature (25°C). The proton spins were polarized at a polarization field (BPOL) 213 
corresponding to a proton Larmor frequency (ωL) of 8 MHz for a period of 214 
polarization (TPOL) corresponding to about five times the T1 estimated at this 215 
frequency. After each BPOL application, the magnetic field intensity (indicated as 216 
BRLX) was systematically changed in the proton Larmor frequency ωL comprised in 217 
the range 0.01-10.0 MHz. The period τ, during which BRLX was applied, was varied 218 
on 32 logarithmically spaced time sets. 8 scans were set, and the T1max, TPOL and 219 
Recycle Delay (RD) were adjusted at every relaxation field in order to optimize the 220 
sampling of the decay/recovery curves. 221 
 222 
Free induction decays (FIDs) were recorded following a single 1H 90° pulse applied 223 
at an acquisition field (BACQ) corresponding to the proton Larmor frequency of 7.20 224 
MHz. A time domain of 100 µs sampled with 512 points was applied. Field-225 
switching time was 3 ms, while spectrometer dead time was 15 µs. A non-polarized 226 
FFC sequence was applied when the relaxation magnetic fields were in the range of 227 
the proton Larmor frequencies (10.0 to 3.6 MHz), whereas a polarized FFC 228 
sequence was applied in the proton Larmor frequencies BRLX range (3.0-0.01 MHz) 229 
(Kimmich and Anoardo, 2004). 230 
 231 
Laser ablation inductive-coupled plasma mass spectrometry (LA ICP-MS) was 232 
carried out on a sample of BC and BCC to investigate the relationship between P 233 
binding and mineral content of the biochar. The technique was used to determine 234 
semi-quantitative concentrations of P, C, Na, Mg, Al, Si, K, Ca, Mn, Fe, Cu and Pb 235 
at individual locations (up to 92 locations, spot size 110 μm) for each of 3 (BCC) or 236 
4 (BC) lines (laser beam wavelength of 213 nm, repetition frequency of 10 Hz, laser 237 
energy density of 0.48 J cm-2 (at 30%), scan speed of 20 μm s-1) on both biochar 238 
samples, as described in (Bian et al., 2014). ICP-MS was performed at Rf power of 239 
1150 W, helium gas flow rate of 0.8 l min-1, argon gas flow rate of 0.6 l min-1, in 240 
peak hopping scan mode and with a dwell time of 0.05 s. NIST610 and NIST612 241 
glass standards were used to estimate elemental concentrations. R-Studio was used 242 
to determine the correlation between P and C, Na, Mg, Al, Si, K, Ca, Mn, Fe, Cu 243 
and Pb for both BC and BCC (RStudio Team, 2015). Pearson’s product-moment 244 
correlation coefficient was used to determine correlations between P and the other 245 
elements analyzed, except where one or more sets of data were not normally 246 
distributed, in which case Spearman’s rho was used. As no strong relationships 247 
between elemental concentrations were elucidated using this analysis for BC, a 248 
Principal Component Analysis (PCA) of the data was performed using the prcomp 249 
function in R-Studio (R Core Team) with data centering, scaling and a tolerance of 250 
0.2 to limit the number of principal components (PCs) identified, therefore giving 251 
those PCs which explain the maximum variability in the dataset. 252 
 253 
Microscopic examination of the pores and the external surfaces of the biochars was 254 
carried out using a Zeiss Sigma scanning electron microscope (SEM) fitted with a 255 
Bruker energy dispersive x-ray (EDS) analyzer as described in Joseph et al. (2013). 256 
Both transmission electron microscopy (TEM) and scanning transmission electron 257 
microscopy (STEM) providing detailed microstructural, crystallographic and 258 
microchemical analysis were carried out using a JEOL 2100 Transmission Electron 259 
Microscope (TEM) fitted with an Oxford EDS, a JEOL ARM200F aberration 260 
corrected TEM fitted with an Electron Energy Loss spectrometer (EELS) and EDS 261 
detector and a Phillips CM200 TEM fitted with EDS. Selective area electron 262 
diffraction (SAED) was carried out using the JOEL 2100TEM and determination of 263 
the Fe EELS oxidation state was carried out on the JOEL ARM as per Quin et al. 264 
2015.  265 
 266 
To determine the relative redox activity of the BC and BCC, solid state cyclic 267 
voltammetry was undertaken. Electrochemical investigations were performed using a 268 
custom-built electrochemical cup-cell. The full cycle was repeated three times. A scan 269 
rate of 0.02 mV s-1 was used. Further details of the equipment and method of analysis 270 
is given in Joseph et al., (2015). The BC or BCC was first combined using a mortar 271 
and pestle in a black-mix consisting of graphite 78 wt % (KS6-Timrex Switzerland), 8 272 
wt % biochar and 14 wt % of a neutral electrolyte (0.05 M K2HPO4 and 0.05 M 273 
KH2PO4). 0.2 g of the mix was then pressed under 1200 psi in the bottom of the cup-274 
cell with paper dividers used to prevent it from adhering to the compaction ram. The 275 
method started at a potential of 0.1 V vs. Standard Calomel Electrode (SCE) and 276 
cycling to a negative potential of -0.5 V before returning to a higher potential than the 277 
initial start potential of 0.4 V.  278 
 279 
3 Results  280 
3.1 Mineral Composition of BC and BCC 281 
There are substantial chemical differences between BC and BCC which reflect the 282 
accumulation of minerals in the pores and on the surfaces of the BCC.  The 283 
predominant elements in the BC are Ca, Fe and K with small quantities of P, Mg, Mn, 284 
Na and Al and smaller amounts of micronutrients (Zn, B, Cu, Mo) and heavy metals 285 
(Ni, Cr). There was a statistically significant increase in the quantity of most of the 286 
elements after composting (Supplementary Information Table 1). Fe, Mg, P, K, B, Co, 287 
Cu, Mo, Ni doubled and there was a 4-fold increase in Al and an 8-fold increase in 288 
Na.  Cr levels have more than doubled.  Further research is required to determine the 289 
mechanisms for the significant increase in its capture. Detailed LA-ICPMS, FFC 290 
NMR, SEM and TEM examination of the pores and the surfaces of the fresh and aged 291 
biochar allowed identification of the minerals and inorganic compounds. 292 
 293 
3.2 SEM and TEM/STEM Characterization of the Fresh Biochar 294 
BC had a considerable amount of mineral matter on its surface (Figure 1A) and inside 295 
the pores (Figure 1B). The EDS spectrum of this mineral layer is consistent with 296 
interaction of soil minerals that can include clay, oxides of Al, Si, Fe, Mn and 297 
possibly CaCO3 with the wood feedstock during pyrolysis (Joseph et al., 2013; Rawal 298 
et al., 2016). Figure 1D provides a higher magnification image of this mineral layer 299 
and Figure 1C is an EDS analysis of the mineral content. There is a considerable 300 
concentration of Si, K, Fe, Mn, Al, Ca and S, suggestive of soil contamination in the 301 
biochar feedstock.  Supplementary Figure 1 details the mineral structure in one small 302 
area of this biochar. There are a series of Si nodules which appear to have formed, 303 
with which P is associated. Fe and Mn compounds appear to have formed on the 304 
carbon matrix. There is an area high in S and another high in P where Fe/P and Fe/S 305 
mineral phases may have formed. Potassium, Ca and Mg are associated with the 306 
phase identified which was high in Fe and Mn (Figure 1).  307 
 308 
Analysis of over 20 particles of BC by high resolution Transmission Electron 309 
Microscope (HTREM) supports the observation that soil was entrained on the wood 310 
before pyrolysis resulting in the formation of submicron inorganic/mineral phases on 311 
the surfaces of the biochar. Figure 2 shows snapshots of some of the different 312 
structures observed on the surface of the carbon matrix.  Porous heterogeneous 313 
inorganic phases can be seen to have formed on the surfaces. Figure 2A, 2B and 2C 314 
indicate that there is considerable porosity between a range of different mineral 315 
particles which have dimensions ranging from 50 nm  to less than 10 nm. Similarly 316 
the pore shapes and dimensions are heterogenous. Figure 2D shows another area 317 
where the inorganic phases are physically larger and appear to have fused together, 318 
potentially during pyrolysis. Supplementary Figure 2A shows graphitic planes formed 319 
around a 5 nm particle rich in Fe. The amorphous phase between the Fe and the outer 320 
graphitic planes has a high C content with a small concentration of Ca 321 
(Supplementary Figure 2B). The structure observed in Supplementary Figure 2C is 322 
probably hollow carbon shells formed during the pyrolysis process as previously 323 
observed by McDonald-Wharry et al., (2015).  Zhang et al., (2012) proposed that 324 
dissolved phosphate and nitrates can be adsorbed into these voids. The structure in 325 
Supplementary Figure 2D is a porous amorphous C matrix with a range of sub-5 nm 326 
mineral phases containing Al, Si, Fe, Ca, P, and K detected by EDS (data not shown).  327 
 328 
3.3 SEM and TEM Characterisation of the Composted Biochar (BCC) 329 
3.3.1 SEM Characterisation 330 
SEM imaging shows that sections of the external surfaces of the biochar and many of 331 
the internal macro- and micropores of BCC are coated with a layer (rich in C and 332 
inorganic/mineral matter) with some evidence of fungi growth (Figure 3A and 3D) 333 
(Vanek and Lehmann, 2015). The morphology of the surface of the composted sample 334 
is different to that observed in Figure 1 and Supplementary Figure 1. The surface 335 
coating of the BCC has a high concentration of C, Si and O and detectable 336 
concentrations of N, P, Fe, Al, Mg, Ca, Cl, and S (Figure 3B) when compared to BC. 337 
There are detectable differences on the samples examined between the intensity of 338 
peaks in the EDS spectra some of the elements (Al, Ca, Si, K, P and N) in the BCC 339 
compared with the BC.  Figure 3F is a high resolution map of the compounds 340 
containing N on the surface of BCC surface.  Other detected elements in the area 341 
included C, O, Al, Si, Fe, K, P, Na, and Mg, and once again a low-concentration of 342 
Cl.  Some of the pores in the carbon matrix have a very thin layer of the 343 
inorganic/mineral phases on their surfaces, while other pores appear to have been 344 
coated, resulting in a potential decrease in the pore volume (Figure 3C). The remnants 345 
of the vascular structure from the original feedstock can be seen in the surface of BCC 346 
in Figure S3A. It appears to be rounded and in some cases broken or fragmented when 347 
compared with the sharp inner vascular structure noted in Supplementary Figure 3B. 348 
The specto-microscopic evidence indicates that complex chemical and physical 349 
processes are taking place on the external and internal pores of the biochar as redox, 350 
pH and temperature varies through the composting process and physical turning 351 
occurs. It is also possible that some micro-fracturing of biochar has occurred as 352 
suggested by Spokas et al., (2014).  353 
 354 
3.3.2 STEM and TEM characterisation of the surfaces of the BCC 355 
 356 
Figure 4 and Supplementary Figures 4, 5 and 6 are STEM images and EDS analyses 357 
of the the organomineral layers on the BCC surfaces. Supplementary Figure 6 A and 358 
B is a high-resolution image of one of the micro-agglomerates formed on the biochar 359 
surface. The EDS analysis indicates binding of < 10 nm minerals/inorganic 360 
compounds comprising mainly O, Ca, P, Al, Si, Fe and Mg bound together again by C 361 
compounds. Figure S7 is a phase map which indicates that the agglomerates have 362 
quite different compositions. The phase map shows where a specific group of 363 
minerals and/or inorganic compounds are localised in a specific region of the 364 
organomineral layer. The green phase at the bottom of the Supplementary Figure S7C 365 
has a high concentration of C, O, Ca, P, Fe, Al and Si. The blue phase mainly consists 366 
of Fe, O, C, Ca and the red phase has a high content of C, Ca and O and smaller 367 
amounts of K, P, Si and Al. A similar complex pattern is noted in the line scan of 368 
elements across a thin section of the area imaged (Supplementary Figure 4B). This 369 
analysis indicates the formation of a porous micro-agglomerate associations bound 370 
together by C compounds on some of the surfaces of the biochar. The interface 371 
between each of the micro-agglomerates is very porous and there appears to be only a 372 
few regions bound to the biochar or to each other.  373 
 374 
Figure 5A illustrates the formation of a poorly ordered graphitic structure around an 375 
Fe/O nanoparticle (evidenced by TEM-EDS, data not shown) inside the carbon matrix 376 
of the co-composted biochar. Figure 5B is a TEM field image of a thin layer of 377 
amorphous C material that has formed around a Fe/O nanoparticle on the 378 
organomineral surface layer on the biochar. Figure S3 is a high-resolution image of a 379 
Fe/O particle. The EDS and SAED patterns (Figure S7B and S7D) identify the iron 380 
phase as magnetite (Chen et al., 2011). These structures could have formed due to 381 
adsorption of organic molecules on the magnetite as proposed by (Kleber et al., 2007) 382 
for the interaction of iron oxides present in soil and soil organic matter. It could also 383 
be due to abiotic and/or biotic reactions on the nanoparticle surfaces (Bauer and 384 
Knoelker, 2015; Harvie et al., 1984; Lee et al., 2008). 385 
 386 
EDS and SAED analysis indicates that minerals and inorganic compounds in these 387 
micro-agglomerates could consist of Al2O3, SiO2, Fe3O4, Fe2O3, FePO4, CaCO3, 388 
CaPO4, KCl, clay, and possibly gypsum, MgCO3, FeS, FeSO4. Further detailed 389 
analysis is required to positively identify the specific compounds and minerals. 390 
 391 
3.3.3 High resolution imaging of the pore structure 392 
Figure 4 illustrates the pore structure of the organomineral layer (lower left, Figure 393 
4A) that formed on the surface of the biochar (upper right, Figure 4A) during 394 
composting. Figure 4B is a micrograph of the interface between the biochar and the 395 
organomineral phase showing the range of pore sizes. EDS analysis (data not shown) 396 
reveals that the bright areas are minerals or inorganic compounds high in Si and Fe 397 
and the light grey areas are thin layers or potentially organic compounds. 398 
Supplementary Figures 4C and 5C indicate that there are still < 50 nm pores in the 399 
biochar carbon matrix after composting that do not appear to have inorganic or 400 
organic compounds attached to their walls. Due to sample preparation, we cannot 401 
assign these pores to their original position in the biochar particle (outer surface vs. 402 
core of the particle). Figure 5D is a STEM SE image of a very porous layer that could 403 
have formed inside a larger pore of the biochar during composting.  404 
 405 
Supplementary Figure 5A shows that the pore structure is very different in an 406 
expanded Al/Si/O (probably clay) mineral compared with pores in the carbon matrix 407 
(Supplementary Figure 5C). Supplementary Figure 5B is a slice through a section of 408 
the organomineral layer on the surface of the wood biochar.  The dark areas are 409 
mineral and the white areas pores.  The grey areas are the carbon structure. It can be 410 
seen that the pore size, shape and composition is heterogeneous with some pore 411 
surfaces composed of a carbon matrix with a small number of mineral nanoparticles 412 
that occupy part of the pore surface.  413 
 414 
3.3.4 Summary of STEM and TEM characterisation 415 
To summarize the examination of the internal and external surfaces of the fresh 416 
biochar (BC), TEM and SEM indicate that:  417 
a. There are very large macropores (diameter >1 μm) that have formed when the 418 
phloem and xylem in the wood have been pyrolysed (Figure 3); however, 419 
these structures also exist in the original feedstocks. There are also a 420 
substantial number of smaller macropores (diameter < 100 nm) and mesopores 421 
(2-50 nm) of varying sizes that could connect the macropores (Supplementary 422 
Figure 5). Micropores (< 2 nm) cannot be imaged by means of even state-of-423 
art STEM or SEM, although they must have contributed to the specific surface 424 
area according to BET measurements. 425 
b. Mixed mineral phases, probably originating from soil that was on the surface 426 
of the wood before pyrolysis, have dimensions of less than 50 nm. These 427 
phases are on the biochar surface and are either sintered together or bound 428 
with the carbon. Pore diameters in this layer vary from < 5 to 50 nm 429 
(Supplementary Figure 4). 430 
c. Some of the mesopores are associated with the formation of graphitic carbon 431 
nanotubes near to Fe/O nanoparticles with a total diameter < 10 nm.  432 
d. There are micropores and mesopores (diameter < 50 nm) existing in the 433 
carbon matrix that do not appear to be interconnected (i.e., dead-ended pore).  434 
 435 
To summarize the examination of the internal and external surfaces of the composted 436 
biochar (BCC), TEM and SEM indicate that: 437 
a. Porous micro-agglomerates have formed on the external and internal surfaces 438 
of the biochar. These micro agglomerates are composed of minerals and 439 
inorganic compounds bound together with C compounds (Figure 4, 440 
Supplementary Figures 4 and 5). 441 
b. Most of the inorganic compounds and minerals have dimensions < 20 nm. 442 
Some of these minerals/inorganic compounds have a facet that sits on the 443 
surface of a pore and are surrounded by C compounds. 444 
c.  Some of these aggregates have coalesced to form porous organomineral 445 
associations (Figure 4B and Supplementary Figure 6) 446 
d. The organic compounds of the micro-agglomerates probably contain both P, N 447 
and Ca, as well as other inorganic elements 448 
e. There are < 50 nm biochar pores that do not have these organomineral 449 
associations at their surfaces (Supplementary Figure 6).  450 
f. There are a range of pore shapes and sizes in the organomineral associations 451 
that exist on the surfaces of the biochar. Figure 5 shows these can vary from 452 
< 1 to > 50 nm. 453 
 454 
 455 
3.5 Characterization of the surface functional groups of the fresh and composted 456 
biochar 457 
3.5.1 Boehm Titration.  458 
Total acidity and acid group concentrations are given in Table 1 for the fresh and 459 
composted biochar after removal of surface adsorbed organic acids as well as acidic 460 
minerals by washing in diluted base. Interestingly, there are no significant differences 461 
in acid groups between the original and composted biochars at a level of p < 0.05. 462 
This suggests that the composting process did not alter the biochar C structure and 463 
distribution of surface functional groups when all adhering C compounds from the 464 
composting process were removed prior to titration. It is important to note that the 465 
previous spectroscopic results were obtained without initial washing in a base.  466 
 467 
3.5.2 Analysis of surface functional groups using XPS, FTIR Raman and Cyclic 468 
Voltammetry.  469 
XPS analysis of the surface (whole biochar particle, Table 2) indicates an alteration in 470 
the chemical composition of the surface moieties as well as alterations in the 471 
abundance of C and N functional groups on the outermost 10 nm of the external 472 
surfaces of the BCC compared to the BC. The BCC had a higher relative 473 
concentration of carboxyl groups and slightly higher C-O (alcoholic, phenolic, 474 
hydroxyl, and/or ether) moieties, but lower amounts of C-C, C-H as well as a lower 475 
total C content. XPS showed an almost 3 times higher content of carboxylic groups in 476 
BCC compared to BC, while the Boehm titration revealed an increase of ~38%. This 477 
is because the modified Boehm methodology removes most of organomineral surface 478 
layer during the base/acid pretreatment. From the comparison of the results from XPS 479 
and Boehm Titration we find that oxidation of the original surface biochar carbon 480 
matrix is only a minor contribution to the overall content of C functional groups in 481 
BCC. This strongly suggests that the observed increase in the O and N functional 482 
groups is due to the formation of the organomineral coating (potentially the above 483 
described migro-aggregates) on the internal and external surfaces of the biochar. 484 
 485 
The deconvoluted region spectrum for BCC shows a detectable concentration of 486 
quinones at 283.47eV (Ramesh and Sampath, 2001). These functional groups have 487 
been associated with the potential storage and release of electrons from biochar 488 
(Klüpfel et al., 2014).  The concentrations of highly aromatic C (indicated by the 489 
shakeup peaks at 290.62 eV and 290.96 eV) is greater in the BC than the BCC. It also 490 
appears that there are O heteroatoms in BC and BCC. These data along with the SEM 491 
imaging and analysis confirm that the BCC has been covered by a layer of C that has 492 
a lower concentration of condensed aromatic rings than the BC.  However, we can not 493 
determine conclusively if this C is biochar derived or from an exogenous source.  494 
 495 
The BC had a significant concentration of pyrrolic groups at its surfaces whereas 496 
there were no pyrrolic groups detected for the BCC indicating that nitrogen detected 497 
on the surface was not bound to the carbon matrix of the initial biochar (Amonette 498 
and Joseph, 2009; José and Knicker, 2011). The main groups identified on the top 499 
10 nm of the surface of the BCC are NH2/amino N, N-C=O and -NH3+/oxidised 500 
N/chemisorbed NH4 groups and these could be mainly associated with the 501 
organomineral phase as indicated from the SEM analysis and would have been 502 
adsorbed or formed during the composting.  The P content on the surface was 503 
measured at 0.3 atomic wt % in BCC. To determine if there is a greater concentration 504 
of N and P in the BCC particles where crushed and passed through a 100 μm sieve. 505 
When the BCC particle was crushed nitrates were measured at a concentration of 0.51 506 
atomic wt % at 407.3 eV (Supplementary Figure 8), and probably an amino group at a 507 
concentration of 5.72% at 400.03 eV.  Some of these nitrogen anions could be 508 
attached to positively charged nano-hotspots, especially FeO minerals (Tsai and Chen, 509 
2013; Unsoy et al., 2012) as observed in Supplementary Figure 6. However, to our 510 
knowledge, it is not possible to confirm this hypothesis here, as the surface charge of 511 
these hotspots cannot be specifically measured with any spectroscopic technique. The 512 
concentration of surface P was measured at 0.78 atomic wt %. This would suggest that 513 
a substantial amount of the N and the P is contained inside the biochar, which might 514 
not be immediately available to the water outside of the particle. This could partially 515 
explain why some of the N and P is released very quickly when extracted, while a 516 
greater percentage of the N is released with each subsequent extraction cycle (Haider 517 
et al., 2016; Kammann et al., 2015).  518 
 519 
The concentration of K on the surface of the BBC was three times higher than that of 520 
BC. It is probable that this K was from salts present in the compost pile, as observed 521 
by Prost et al., (2013). The SEM and TEM EDS analyses indicate that K salts have 522 
precipitated out or been adsorbed through cation exchange with the functional groups 523 
either in the organomineral layer and/or the biochar. Except for Fe, concentrations of 524 
all mineral elements were higher on the outer surface of the BCC than in the crushed 525 
whole sample analyses (Table 3) indicating adsorption/precipitation/agglomeration 526 
onto the biochar during composting.  527 
 528 
The baseline-corrected ATR-FTIR spectrum (Figure 6) of the BC is unusual for a 529 
high temperature biochar. Most high temperature biochars have little functionality and 530 
thus their spectrum contains few intense peaks (Liu et al., 2015).  However this 531 
biochar has a spectrum very similar to  to that of an activated carbon that has been 532 
treated by ester hydrolysis in an alkaline environment to produce hydrophilic surfaces 533 
that bind water by hydrogen bonding (Yao et al., 2014). It has peaks associated with 534 
C=O, C-O, COO-,OH and Carbonates as well as aromatic C. The baseline-corrected 535 
ATR-FTIR spectrum (Figure 6) of the BCC shows as in the BC a number of broad 536 
overlapped peaks between 1800 and 650 cm-1, indicative of mineral and organic 537 
matter (Guan et al., 2007).  The band at 3369 cm-1 band is coincident with the ν(OH) 538 
bands of water, carboxylic acids, and hydrated clay minerals. The peak at ~3200 cm-539 
1 is characteristic of aromatic C-H stretching [ν(CH)]. A small shoulder at 1712 cm-540 
1 can be assigned to functional groups containing C=O groups and the stronger peak 541 
at 1581 cm-1 can be assigned to the C=C vibration found in aromatic ring deformation 542 
modes (Chia et al., 2012a). These aromatic peaks are considerably stronger in the 543 
fresh biochar. 544 
  545 
Representative peaks for the adsorption of nitrate on minerals have been noted in 546 
Rubasinghege and Grassian (2013) at around 3390 cm-1, 1433cm-1 and 1339-1380cm-547 
1. The peak at 1581 cm-1 in the BC sample is not observed in the BCC sample. 548 
Another notable difference is the increase in peak intensity of the BCC at 1433-1375 549 
cm-1 possibly indicating adsorption of nitrates in the organomineral layer and a broad 550 
peak around 1064 cm-1, which is usually associated with C-O stretching of organic 551 
polysaccharides (Cheng et al., 2006).  On the other hand, this peak is also 552 
characteristic of inorganic carbonates, but interpretation is often complicated due to 553 
the overlap with mineral Si-O stretching frequencies and shifting in the frequency as a 554 
function of the interaction of the carbonate-oxygen atoms with surface complexation 555 
(Jolivet et al., 2011; Wijnja and Schulthess, 1999). Nevertheless, if we look at the 556 
entire BCC spectra, the ν1-stretch and ν3-stretch of CO32- could be assigned to the dominant 557 
peaks in the BCC, with the peak at 872 cm-1 attributed to the ν2 in-plane bend of -CO3 558 
(872 cm-1) (Wijnja and Schulthess, 1999). In addition, the presence of peaks at 872 559 
cm-1, 820 cm-1 and 755 cm-1 indicate calcite and silica in the BCC, which agree with 560 
the XPS elemental analysis. These compounds were observed in the SEM and TEM. 561 
The D-G bands in the Raman spectra (Figure 7) of the BC sample showed an 562 
optimum fit to five mixed Gaussian-Lorenzian functions, then the cross-sectional 563 
particle size for a bimodal distribution calculated using a G1 peak at 1607 cm-1, 564 
FWHM (Full width half maximum) 49 cm-1 = 15 nm, G2 1583 cm-1, FWHM 77 cm-1 565 
= 9 nm (Jorio et. al. 2012). Similarly, the D-G bands in the Raman spectra of the BCC 566 
were fitted to five mixed Gaussian-Lorenzian functions, then the cross sectional 567 
particle size for a bimodal distribution calculated using a G1 peak at 1598 cm-1, 568 
FWHM 63 cm-1 = 11 nm, G2 1542 cm-1, FWHM 226 cm-1 = 3 nm (Jorio and 569 
Cançado, 2012). The crystallite size range of the BC of 9-15 nm is typical of 570 
charcoals (7 – 11 nm) (Ribeiro‐Soares et al., 2013) whereas the BCC 3-11 nm is more 571 
typical of  biochars and black carbon that have a significant coating of organomineral 572 
micro aggregates as found in Terra Preta soil particles (2 – 8 nm) (Chia et al., 2012b; 573 
Ribeiro-Soares et al., 2013). 574 
 575 
Cyclic Voltammetry is a technique that determines whether there are 576 
compounds/molecules that can be readily oxidized at the potential that exists in soils 577 
(Joseph et al 2015). Figure 8 clearly shows that the BC does not undergo oxidation at 578 
normal voltages that are measured in soils (0.4 V vs. Standard Calomel Electrode 579 
(SCE)), even after cycling three times. However, after cycling three times the BCC 580 
starts to oxidise at a voltage of 0.08 V, indicating that some redox activity does occur, 581 
such as oxidation of labile organic molecules or elements that can have different 582 
oxidation states (Fe , Mn). This behavior was also observed by Ramesh and Sampath, 583 
(2001) on exfoliated graphite that was coated with different types of quinones. 584 
Oxidation has also been attributed to the change in oxidation state of Fe/O 585 
nanoparticles and the oxidation and/or reduction of N, S, P and C compounds (Joseph 586 
et al., 2015). 587 
 588 
3.5.3 (FFC) NMR Relaxometry 589 
Figure 9 reports the nuclear magnetic resonance dispersion (NMRD) profiles (i.e. R1 590 
=1/T1 values vs ωL) of the water-saturated composted and original biochar samples. 591 
BCC reveals shorter proton longitudinal relaxation rates in the whole range of the 592 
proton Larmor frequencies investigated here (i.e., 0.01-10 MHz) as compared to BC. 593 
The fitting procedure applied to the experimental results reported in Figure 9 allowed 594 
calculation of the average correlation times (τC; Figure 10). This is the time needed 595 
for a molecule of water to rotate by one radian or by a distance corresponding to its 596 
length (Conte and Alonzo, 2013). It can be seen that the relaxation time needed by the 597 
BC is much greater than the BCC indicating that water is more tightly held in the 598 
pores of the biochar. 599 
 600 
3.5.4 LA ICP-MS 601 
LA ICP-MS provides spatially resolved data on the elemental composition of the 602 
uppermost 5 nm of the sample. Correlation of P concentration with other elements for 603 
the LA ICP-MS data for the BC showed statistically significant, but not strong 604 
correlations with all elements except C and Si (Supplementary Table 2). Observation 605 
of element covariation in plots of the whole data set was not possible due to the 606 
presence of high P outliers (Supplementary Figure 9), so the sampled locations where 607 
P concentration was < 100 mg kg-1 were analyzed separately (Supplementary Table 2, 608 
Supplementary Figure 10). Correlation results of these high-P locations were similar, 609 
with the exception of that with Na, which was no longer significant. The plots of these 610 
data show the mostly random relationships between the analyzed elements and P.  611 
 612 
To further characterize the relationships between elements on the surface of BC, a 613 
PCA was performed on the whole dataset (Supplementary Figure 9). The loadings 614 
indicate that the first principal component (PC), which accounted for 64% of variation 615 
in the data, was associated with increasing concentrations of Si, Al, Na, Mg and P and 616 
decreasing concentrations of K (Supplementary Table 3). The second PC accounted 617 
for 14% of data variation, and was associated with higher Fe and less Na, and strongly 618 
associated with lower Pb. The third PC was very strongly associated with higher 619 
concentrations of C, and accounted for 10% of total variation. Examining the plot of 620 
the first 2 PCs (Supplementary Figure 10), as also indicated by the loadings, Si, Al, 621 
Na, Mg and P were all strongly covariant. Fe and K were strongly covariant, whilst 622 
Mn and Cu were strongly covariant and both covariant (but less strongly) with Pb and 623 
C. These data indicate that the phases of BC biochar containing the most P also 624 
contained Si, Al, Na, and Mg. 625 
 626 
There was a strong and significant correlation between the concentrations of C, Na, 627 
Mg, Al, Si, K, Ca, and Fe with P for the composted biochar (BCC) (Supplementary 628 
Table 2). Visual inspection of the plots in Supplementary Figure 12 show that the 629 
strongly significant correlations are influenced by the large number of sampled 630 
locations with low concentrations of P. Sampled locations where the concentration of 631 
P was higher than 1000 mg kg-1 were much fewer in number, and showed different 632 
covariance characteristics than the statistical analysis of the whole dataset indicated. 633 
At higher concentrations of P, only C and Ca appeared to be strongly covariant with 634 
P. For the other elements, there were multiple sampled locations which were not 635 
strongly covariant with P, indicating that these high P sample locations could be sites 636 
of Ca-mediated P precipitation, associated with organic matter. At lower 637 
concentrations (< 1000 mg kg-1), P is most strongly correlated with Mg, Ca and K, but 638 
these correlations are associated with lower Spearman’s ρ values than for the whole 639 
dataset (Supplementary Table 2), suggesting these associations might be more 640 
strongly associated with higher P concentrations. Conversely, the correlations 641 
between P and Fe, Al and Si are stronger for the lower P data than those for the whole 642 
dataset. Like the results of the PCA for BC, the variation of P concentration at 643 
sampled locations < 1000 mg kg-1 is related to the variation of Si and Al (although the 644 
concentrations are one order of magnitude lower), so these may be related to the 645 
original biochar surface, whilst the higher concentration locations may be the result of 646 
composting processes.  647 
 648 
4 Discussion 649 
In this study, we used spectroscopic and microscopic methods to identify alterations 650 
in surface structure, surface elemental content and carbon speciation of a co-651 
composted biochar (BCC) compared to non-composted, original biochar (BC). Here, 652 
we found evidence for potential mechanisms underlying this phenomenon of “nitrate 653 
and phosphate capture”, i.e. nitrate and phosphate that is not retained only by 654 
conventional anion exchange capacity.  655 
 656 
Our results indicate this process begins with the capture of nutrient-rich water into the 657 
pores of BC, followed by partial clogging of meso- and micropores with a nutrient-658 
rich organomineral layer from the composting process. The clogging of the internal 659 
pores could induce other chemical changes as well as changing the suction forces 660 
(capillary) that would allow the diffusion of anion rich water into the interior of the 661 
biochar. This is underlined by the close-correlation (R² > 0.99) observed between the 662 
release of dissolved organic carbon (DOC), and nitrate and  phosphates, from the 663 
BCC particles during electro-ultra-filtration (EUF) (Kammann et al., 2015). Barrow, 664 
(2015) noted that sorption (of phosphate) onto a substrate will take place when there 665 
is a negative concentration gradient within the soil. This transfer of nutrients will 666 
cease only when all of the sorption sites are taken up. Here, we put forward the 667 
hypothesis that the dissolved anions, which become concentrated in the solution (in 668 
the soil/biomass/mineral mixture in the compost) during drying, could be drawn into 669 
small biochar pores. The rate of this reaction would be directly correlated to the 670 
concentration gradient between the pore and the outside water solution, accelerating 671 
transport of the nitrate and phosphate solution inside the pore. This pore water 672 
becomes trap, but would not be released as the soil/compost mixture rehydrates due to 673 
the stronger capillary forces of these micropores (with the added osomotic potential, 674 
in addition). 675 
 676 
We outline the evidence for the different processes below. It should be noted that 677 
nitrates are highly soluble, do not easily form precipitates and do not easily bind to 678 
activated carbon/biochar in aqueous solution (Gai et al., 2014) unless the surface has 679 
been acidified so that it has a significant concentration of  positive functional groups 680 
(Bhatnagar and Sillanpää, 2011). Among the anions commonly present in water, 681 
chloride competes with nitrate sorption to the greatest extent, and phosphate- the least 682 
(Bhatnagar and Sillanpää, 2011). On the other hand, phosphates can react either 683 
weakly or strongly with Al, Fe and Ca surfaces (depending on pH), and also exist in 684 
organic forms in compost. The behavior of phosphate in soil is dominated by pH and 685 
it is most plant available (or soluble) at pH 6-7. The biochar itself has a pH of 9.5, the 686 
soil has a pH of approximately 7.5 and the compost has a pH of 7.2 (Kammann et al., 687 
2015). In a review of nitrate capture by different adsorbents, Loganathan et al., (2013) 688 
note that nitrate adsorption is most effective when substrate (including biochar) is 689 
impregnated with a metal oxide, treated with an acid, grafted with an amine group, 690 
has heat treated minerals and/or a surfactant added to its surface. 691 
 692 
Spectro(micro)scopy and microscopy revealed a number of important features of the 693 
original high temperature wood biochar used in this experiment. It has a high content 694 
of porous inorganic μm and sub-μm sized phases that are rich in nano-sized particles 695 
comprised of Mn/O, Fe/O, Fe/S, Al2O3, SiO2, K/Na/Ca compounds and clay, 696 
(Supplementary Figure 1, 2 and 3, Supplementary Table 1 and 2) as well as hollow 697 
graphitic shell structures.  Some of these inorganic particles are crystalline as 698 
evidenced by TEM SAED, whilst others are amorphous.  Some of the inorganic nano-699 
hotspots are surrounded by amorphous carbon and some by graphitic domains (Figure 700 
2) and some of the mineral phases have an expanded structure (Supplementary Figure 701 
5). The pores within the BC are heterogeneous and have a range of inorganic 702 
compounds and minerals on their surfaces (Fig. 2). Heating of minerals (as occurs 703 
during pyrolysis) can result in an increase in surface area and porosity and this 704 
increases the ability to adsorb nitrates (Soías-Viciana et al., 2008). FTIR spectrum 705 
indicates that there is a significant content of amine groups and esters/-COO- groups 706 
in the biochar matrix and XPS also indicates that C=O and COOH bonds exist on both 707 
the surfaces within the biochar. Modified Boehm titration results suggest that the 708 
fresh and the composted biochar surfaces have similar contents of acidic functional 709 
groups indicating little oxidation of the biochar carbon matrix during composting. 710 
In the initial phase of the composting when the macro pores are not clogged, water 711 
containing dissolved nutrients and organic compounds will diffuse initially into the 712 
smaller pores due to capillary forces. The nuclear magnetic resonance dispersion 713 
(NMRD) profiles (i.e. R1 =1/T1 values vs ωL) reported in Figure 9 indicate that when 714 
water enters the internal pores of BC it becomes constrained and that cations and 715 
anions will be tightly held. Innes et al. (2015) noted that salt solutions can be tightly 716 
held in nanopores depending on the surface charge and the type and concentration of 717 
functional groups on the pore surface. XPS results indicated that nitrates and 718 
phosphates were detected in BCC after crushing (which allows analysis of the inner 719 
surfaces of the particle). This would lead to the conclusion that the nitrates and 720 
phosphates are thus entrapped with water in these micropores, which are not readily 721 
available to plants or microbes. 722 
 723 
Previous research into the adsorption of natural organic matter anions and cations by 724 
activated carbon has shown that the internal sub-50 nm biochar pores could contain 725 
both organic compounds as well as dissolved oxygen and CO2, cations, anions and 726 
colloids (Shao et al., 2014; Velten et al., 2011). Research on mineral/activated carbon 727 
(especially those impregnated with Fe/O) composites have shown increased 728 
adsorption of natural organic compounds and anions (Koduru et al., 2016). A complex 729 
series of reactions can take place in these pores, which could result in the formation of 730 
porous organomineral layers, altering pore distribution profiles. Given the 731 
complexities of this system, based on the results from Kammann et al (2015) and the 732 
detailed examination of the biochars’ from their experiments we put forward the 733 
following working hypotheses.   734 
1. Within the pore system, oxygen can be consumed through biotic and abiotic 735 
oxidation of organic matter on the surfaces of the carbon matrix and Fe2+ and 736 
Mn2+ sitting on the surfaces of the pores. This will result in both a change of 737 
pH and Eh as has been measured for submerged soils (Kirk, 2004). Biochar 738 
has been repeatedly suggested to rapidly form anoxic microsites (Hagemann et 739 
al., 2016; Van Zwieten et al., 2009). 740 
2. Once this oxygen has been consumed further reactions can take place between 741 
the oxidized species of Fe and Mn and organic matter in the water resulting on 742 
the formation of CO2. Dissolved CO2 could react with Ca2+ and Fe2+ to form 743 
carbonates (Joseph et al., 2010).  744 
3. Dissolved soil organic matter can also be adsorbed on the functionalized 745 
surfaces in the pores, especially on the positively charges Fe/O and Mn/O. 746 
This process would be accelerated if the biochar was hydrophilic (Hyung and 747 
Kim, 2008). Evidence from this is seen from the FTIR spectrum and from the 748 
EDS analysis of the elemental composition of the internal pores. 749 
4. Reducing or eliminating O2 will lower the Eh of the nutrient rich water and the 750 
Pourbaix diagram (Quin et al 2015) for N shows that it would be present as 751 
both nitrates and nitrites, and possibly NH4+.   752 
5. In this environment, dissolved organic nitrogen can mineralize to NH4+, which 753 
in turn can complex with acidic functional group on the surface of the carbon 754 
matrix (Le Leuch and Bandosz, 2007). As the temperature in the compost 755 
increases, so the rate of these complex reactions should increase. This could 756 
partly explain the results of the EUF where the majority of the organic 757 
nitrogen and the NH4+ was extracted after 45 to 60 minutes. Very little NH4+ 758 
was extracted in the first 30 minutes and only approximately ¼ of the 759 
dissolved organic nitrogen was extracted in this time.  760 
6. Since magnetite containing both Fe2+ and Fe 3+ was detected in the biochar, 761 
further redox reactions can take place resulting in the oxidation of the 762 
ammonia to nitrate (Kirk, 2004; Li et al., 2012).   763 
7. Extraction of DOC by EUF mainly occurred after 40 minutes, indicating that 764 
that the inner pores also contained a substantial amount of these organic 765 
molecules that could have both positively and negatively charged sites and act 766 
as surfactants, thus binding nitrate and NH4+.  767 
8. Nitrates could be held via water to the mineral surfaces by hydrogen bonds 768 
(Bhatnagar and Sillanpää, 2011) or could be directly bonded to the positive 769 
sites of the different minerals in different modes including monodentate, 770 
bidentate and bridging as measured by (Rubasinghege and Grassian, 2013).  771 
Given the complexity, ligand exchange electrostatic bonding with the anions 772 
could also take place (Loganathan et al., 2013).  773 
 774 
Further detailed research is required to determine the range of potential reactions that 775 
can take place in the oxygen deprived pores of the biochar both in the initial stages of 776 
composting and after these pores have been partially blocked to determine the validity 777 
of our hypotheses.  778 
 779 
We hypothesize that once the internal meso and micropores are blocked, the 780 
mechanism for capture of anions would be more complex. It is important to note that 781 
after an initial low temperature phase of composting, temperatures of 60-70°C are 782 
reached and drying starts to occur (Bernal et al., 2009).  The compost pile is then 783 
wetted and this changes physical and chemical properties and the microbiology of the 784 
reacting biomass, which in turn will affect the processes occurring on the surfaces of 785 
the biochar.   786 
 787 
EUF has shown that a significant percentage of the nitrates and DOC are not held 788 
tightly in the composted biochar. The NMRD curve for the BCC sample is flatter than 789 
that acquired for BC, thereby indicating that the molecular mechanisms of water 790 
motions in contact with the surface of BC and BCC are also not the same. BCC 791 
surfaces have a lower concentration of polycondensed aromatic carbons than BC. This 792 
leads to the proposition that the paramagnetic effect is more effective in BC than in 793 
BCC, thus resulting in the BC NMRD curve at longest T1 values compared to the 794 
BCC NMRD profile (Figure 9). Yet, the amount of potentially paramagnetic Fe is 795 
larger in BCC than in BC. Notwithstanding the larger BCC Fe content, the flattened 796 
BCC NMRD profile is placed at the highest T1 values along the whole range of proton 797 
Larmor frequencies investigated here. However, paramagnetism has an effect on 798 
NMRD profiles only for short distances, i.e. up to 10 nm (Conte et al., 2004) and 799 
could thus be hidden by organomineral layers coated on biochar pore surfaces 800 
containing paramagnetic species. This would be in accordance with the results from 801 
the XPS, FTIR and SEM/TEM examination that the BCC is covered by a thin 802 
organomineral layer which very likely influences the short range paramagnetic effect 803 
on pore water.  804 
 805 
The above examination of this layer indicates that the interaction of biochar surfaces 806 
with organic carbon molecules of different sizes, and with minerals/inorganic 807 
compounds have modified pore structures (especially those larger pores resulting 808 
from the carbonization of the phloem and xylem of the feedstock) inside the biochar 809 
particles. The examination of the outer surfaces of the BCC also revealed a coating 810 
with a range of different pore sizes and shapes, as seen in Figure 3 and 4. The Raman, 811 
FTIR spectroscopy and XPS all indicate that that this layer has a range of highly 812 
functionalized organic molecules that are similar to those found in aged biochar and 813 
black carbon in Terra Preta-like soils (Singh et al., 2014; Wiedner and Glaser, 2009). 814 
The spectroscopy and the results of the EUF shows that nitrates, ammonium and 815 
organic N compounds all exist in this layer. The presence of quinones, minerals with 816 
both Fe2+ and Fe3+ and the measurement of redox active surfaces indicate that a 817 
complex set of both biotic and abiotic redox reactions has taken place during the 818 
formation of this organomineral layer during the fluctuating redox conditions over the 819 
composting period. The above would indicate that:  820 
1. The anions may bond directly with the positively charged minerals (especially 821 
Fe and Mn oxides) and amines on the surface of the carbon matrix or 822 
indirectly with positive sites on any surfactants that are in the DOC. Given the 823 
heterogeneity of the compounds on the surfaces of the biochar it is likely that 824 
both hydrogen, ligand exchange and electrostatic bonding with anions takes 825 
place (Loganathan et al., 2013).  826 
2. Large macromolecules (humic like substances) can act as surfactants and bind 827 
nitrates on their positive sites through electrostatic attraction (Quagliotto et al., 828 
2005).  829 
3. Conte et al., (2013) has attributed bonding of water in these pore to 830 
unconventional H-bonds, thereby resulting in weak 1H-1H dipolar interactions 831 
which in turn may result in some of the nitrates to be weekly held as outer-832 
sphere complexes.  833 
4. TEM analysis of the nanostructure and LA-ICPMS of the surface of this 834 
organomineral layer indicates that phosphates could form inner sphere 835 
complexes with the positively charged minerals on biochar surfaces and in the 836 
pores that have a diameter > 1 nm (especially the Fe and Al in a soil pH of 6.5, 837 
but also Si) or could form precipitates (with Mg and Ca) during the initial 838 
contact with soil moisture.  839 
 840 
Since composting involves complex biotic and abiotic reactions in a fluctuating redox 841 
environment (Khalil et al., 2008), the detection of quinones, iron compounds with 842 
both Fe2+ and Fe3+ and the redox active nature of the surfaces of the composted 843 
biochar as revealed by cyclic voltammetry, confirms that a series of oxidation and 844 
reduction reactions have taken place. These redox reactions could involve both 845 
nitrification and denitrification as well as oxidation of organic matter (Klüpfel et al., 846 
2014; Prévoteau et al., 2016; Quin et al., 2015). These reactions could result in an 847 
increase in the concentration of nitrates on the surfaces of organomineral layer which 848 
could, in turn, be weakly or strongly held in the pores in the organomineral layer. 849 
Further research using 15N labeled nitrogen is required to determine if these potential 850 
redox reactions on the surface and in the pores of the biochar are resulting in the 851 
formation and bonding of nitrates. The data from the extractions in Kammann et al., 852 
(2015) and from the LA-ICPMS shows that the phosphates on the other hand are still 853 
tightly bound in the organomineral layer indicating that inner sphere complexes or 854 
precipitates have formed. 855 
 856 
When composted biochar has already had all of the potentially nutrient reactive sites 857 
loaded via composting and is then put into a fertilised soil system, the system is either 858 
at equilibrium in relation to nutrients, or the biochar may leach (or provide to plants) 859 
nutrients if the external nutrient concentration is low enough. Plants can create a 860 
depletion zone and hence invoke a gradient to access the nutrients either from the 861 
biochar or the compost. If one puts non-composted biochar with potentially nutrient 862 
reactive sites into compost (or, fertilized soil), the equilibrium will be in the direction 863 
of the nutrients binding of the biochar, because it is nutrient-poor (and reactive 864 
towards nutrients). Thereby, there is now a competitor for nutrients in the system. 865 
However, if nutrient-loaded biochar is put into a low nutrient soil, the nutrients should 866 
in part desorb into the soil system. This was indeed observed in an initial leaching 867 
carried out in the study of Kammann et al., (2015, Figure 1). Whether or not they are 868 
available to plants depends on the soil conditions (e.g. water content, soil type, pH 869 
etc.), pore arrangement, soil- or substrate-organic carbon and mineral coating of the 870 
biochar. 871 
 872 
5 Conclusions 873 
Our results clearly show that the woody biochar underwent significant changes with 874 
co-composting which were detectable by XPS, NMR, FFC NMR, LA-ICPMS, FTIR, 875 
Cyclic Voltammetry, Raman spectroscopy, TEM, SEM. The observed changes are in 876 
line with earlier results and support its improved functionality as nutrient-providing 877 
soil additive for promoting plant growth. Particularly, breaking up the particles 878 
revealed, as expected, the nitrate and phosphate was at least partly captured inside the 879 
biochar particles. Boehm titration results revealed that the biochar surfaces were most 880 
likely not oxidized themselves during composting, but were rather coated by organic 881 
substances derived from the compost material, combined with clay-mineral 882 
complexes. The findings further suggest that the biochar pore size distribution is 883 
altered by DOC, organomineral coatings and precipitates, and these alterations could 884 
be involved in capturing mobile anions such as nitrate and phosphate. These smaller 885 
pores would substantiate the delayed release along a gradient towards the nutrient-886 
poor soil-plant-root interface. We hypothesize that the nitrate loading occurs by a 887 
combination of physico-chemical mechanisms that may involve alternating 888 
soil/substrate moisture cycles resulting in changes in Eh, pore-clogging, and 889 
electrostatic as well as H-bonding forces as we have shown. However, it is unclear 890 
how to promote desired properties, i.e. to reach a trade-off between anion protection 891 
against leaching and release for plant consumption along a (plant-root generated) 892 
concentration gradient; and how environmental conditions (e.g. soil moisture) or 893 
biochar properties (e.g. modified by pyrolysis, feedstock or post-treatments such as 894 
composting) will impact these desired functions of biochar. More research is clearly 895 
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Tables 1137 
 1138 
Table 1: Acidic functional groups on non-composted and co-composted biochar as 1139 
determined by Boehm titration. Data presented as average ± Standard error (SE). 1140 








BC (n=2) 0.08 ± 0.029 0.13 ± 0.034 0.04 ± 0.018 
BCC (n=4) 0.11 ± 0.009 0.13 ± 0.014 n.d. 
 1141 
  1142 
Table 2: Measurement of C/O/N functional groups on the surface of BC and BCC 1143 
 
 BC     BCC 
  
 Name  Groups 
Peak BE 
(eV) At. %  Groups 
Peak BE 
(eV) At. %  
C 1s  C-C/C-H 285.02 64.7 C-C/C-H  284.96 53.3 
C 1s  C-O/C-OC 286.52 11.3 C-O/C-OC 286.46 12.9 
C 1s  C=O 288.02 3.4 C=O 287.96 3.2 
C 1s  O=C-O  289.22 1.6 O=C-O  289.16 4.4 
C 1s  
Shake up 
peak 290.62 6.2 Shake up peaks 290.96 4.0 
C 1s     Quinone 283.47 0.8 
O 1s 
 
532.35 11.4   531.99 17.1 
  
   
NH2/amino type 
nitrogen 399.11 0.2 
N 1s  pyrrolic 400.68 1.4 amine/NH3 400.96 0.3 
    
-NH3+/Oxidised N 
chemisorbed NH4 403.08 0.1 
 K 2p3       n.d.   293.75 2.1 
 1144 
  1145 
Table 3: XPS Survey scan of the major elements on the surface of BC and BCC 1146 
biochar (whole particle) 1147 
 BC  BCC  
Name  Peak BE At. %  Peak BE At. %  
C 1s 285.19 83.5 284.81 71.9 
O 1s 532.55 10.6 531.73 19.2 
N 1s 400.7 1.4 399.45 0.3 
Mg 1s 1304.91 0.4 1304.14 0.9 
Fe 2p 713.02 0.2 712.44 0.2 
Ca 2p 348.12 0.9 347.65 0.9 
K 2s 378.45 0.6 378.42 1.9 
Si 2p 103.39 1.2 102.64 3.1 
Al 2p 74.97 1.0 74.65 1.3 
P 2p 134.15 0.2 134.06 0.3 
 1148 
  1149 
 1150 
 1151 
Figure 1: A) Fresh biochar with areas of high mineral content. B) Side view showing 1152 
the mineral matter in the pores of the BC. C) EDS spectrum of area shown in D), 1153 












Figure 2: A) High-angle annular dark field (HAADF) and B) bright field (BF) image 1164 
of a piece of fresh biochar covered in minerals/inorganic compounds (dark phase in 1165 
B) that have dimensions less than 50 nm and are porous. C) High resolution HAADF 1166 
image of a cluster on the surface of the biochar, and D) A secondary electron image of 1167 










Figure 3: A) Secondary electron image of the composted surface with fungal hyphae; 1178 
B) EDS spectrum of this area; C) and D) pore structures on the surface; E) higher 1179 
resolution image of organomineral layer; F) a map of N concentration (light areas are 1180 
detectable concentrations) on the internal surface of a pore that is coated with a range 1181 
of minerals. 1182 
Figure 4: A) STEM secondary electron (SE) image of interface of a BCC biochar 1183 
particle (right of the image) and the porous organomineral layer most likely formed 1184 
during composting. B) HAADF micrograph showing that there is porous interfaces 1185 
between different micro-agglomerates (dark spots = low density of material/pore).  1186 
The lighter phases are inorganic compounds or minerals and are surrounded by 1187 
organic compounds C) STEM BF images of the same area (zoomed out) show that 1188 
there are very few pores (the white areas) greater than 10 nm in the biochar but 1189 
significant numbers in the organomineral layer (left). The circle in C indicates that the 1190 
smallest pores exist at the interface and these pores are less than 5 nm in diameter. 1191 
The bright 10 nm particle in B is iron oxide (EDS data not shown). D) STEM 1192 
Secondary Electron (SE) image of a very porous layer that appears to have formed in 1193 





Figure 5: A) TEM BF image of poorly ordered graphitic planes around an Fe/O 1199 
particle (dark region) in the carbon lattice of the co-composted biochar (BCC) and B) 1200 
amorphous carbon around the Fe/O particle (evidenced by TEM-EDS, data not 1201 
shown) in the organomineral layer of BCC. 1202 
 1203 
 1204 


















Figure 8: Cyclic voltammetry of the BCC and BC at of 0.02 mV s-1, scan direction 1223 










Figure 9: Nuclear magnetic resonance dispersion (NMRD) profiles (i.e. variations of 1234 
longitudinal relaxation rates vs proton Larmor frequency) obtained by FFC NMR 1235 
relaxometry of BCC (squared dots) and BC (circled dots) samples. The black lines are 1236 
the fitting curves obtained by application of the free model analysis (Halle et al., 1237 
1998). 1238 
 1239 
Figure 10:  FFC NMR relaxometry: correlation time (C) values as obtained by the 1240 
application of the free model analysis reported in Section 2.2 1241 
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